Sindbis virus strain AR339 induces interferon by 3 h after infection at 39 °C and by 8 h after infection at 3o °C. The time course of interferon induction between 4 and 9 h after infection at the restrictive temperature (39 °C) was measured for 24 temperature-sensitive (ts) mutants, all of which induced interferon by I6 h after infection. Mutants showing total RNA synthesis at 39 °C greater than Io ~ of the wild-type level induced interferon with kinetics similar to the wild-type. Of those mutants showing I to Io ~ of the wild-type level of RNA synthesis at 39 °C, four induced interferon with kinetics similar to the wild type, whereas six showed a lag in induction. Nine mutants, showing o to 5 ~ of the wildtype level of RNA synthesis at 39 °C, and the wild type, were examined for single and double-stranded RNA synthesis at 3o and 39 °C, using a combination of lithium chloride precipitation and CFII cellulose chromatography. Six of these mutants showed a lag in interferon induction at 3o °C, while three showed no lag. For all nine mutants, double-stranded RNA synthesis at 39 °C was undetectable, although easily detectable for the wild type. Both the wild type and the mutants synthesized double-stranded RNA at 3o °C. For all mutants, time of interferon induction at 39 °C was correlated with c.p.e, as measured by trypan blue uptake 3o h after infection.
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The mutant Fio4, showing undetectable RNA synthesis and a long lag in interferon induction at 39 °C, was examined for interferon induction in a temperature shift system. Only ½ h at 3o °C, before a shift to 39 °C, was required for interferon to be induced with wild-type kinetics, and this was correlated with an increased c.p.e. 3o h after infection. Increased RNA synthesis and infectious virus production were detectable at 30 °C after an initial hour at 3o °C.
It is concluded that, for interferon to be induced with normal kinetics, early virus functions are required, but that normal levels of double-stranded RNA synthesis are not necessary. The events which lead to interferon induction also lead to visible c.p.e.
INTRODUCTION
Interferon is formed and released by cells after treatment with a variety of agents, including certain viruses and double-stranded polynucleotides. The interferon thus formed is able to initiate an antiviral response on contact with uninfected cells. Since untreated cells do not release interferon, the induction process probably represents derepression of the cellular gene(s) coding for interferon. The exact mechanism by which viruses induce interferon is, however, obscure. Because exogenous double-stranded RNA induces interferon (Lampson et al. I967; Kleinschmidt, I972) , one mechanism whereby viruses could induce interferon would be through the formation of a double-stranded intermediate in replication. Although such double-stranded intermediates are known for a number of viruses, including Sindbis virus (Simmons & Strauss, I972) , attempts to link the formation of virus-specified double-stranded RNA with interferon induction have so far proved unsuccessful (Burke, 1973) . Skehel & Burke (I968) showed that interferon induction in chick cells by Semliki Forest virus (SFV) was temperature-sensitive; at 42 °C, both interferon induction and viral RNA synthesis were blocked, although both events occurred normally at 36 °C. If infected cells were left for a period of I5 min at 36 °C, before transfer to 42 °C, both interferon induction and a small amount of viral RNA synthesis occurred. It was concluded that the ts event in interferon induction occurred at an early stage in virus infection, and that this event may have been the formation of virus-specified double-stranded RNA. Atherton & Burke (I975) have subsequently shown, using the drug camptothecin, that interferon induction by viruses and by exogenous double-stranded RNA probably proceeds by two different mechanisms. Thus it is possible that the early event in SFV replication necessary for interferon induction, as described by Skehel & Burke (I968) , may not have been the formation of double-stranded RNA.
One method of investigating the viral function(s) necessary for interferon induction is to use ts mutants. We have previously shown that interferon induction by ts mutants of Sindbis virus strain AR339 at restrictive temperature is dependent on viral RNA synthesis (Atkins et al. I974b) . We postulated that a threshold level of RNA synthesis was necessary for interferon induction. In this paper we present evidence for this threshold effect, and also investigate the relationship between interferon induction, double-stranded RNA synthesis and c.p.e, by the virus. The method we have used is to follow the kinetics of interferon induction by ts mutants and to relate this to the RNA species formed in infected cells and the appearance of c.p.e.
METHODS
General. Methods of growing chick embryo and BHK cells, and all materials were as previously described (Atkins, Samuels & Kennedy, I974a) . ts mutants are all derivatives of the AR339 strain of Sindbis virus (Atkins et al. I974a) ; 30 °C is the permissive and 39 °C the restrictive temperature. All buffers were made up at × 5 concentration, autoclaved at I5 p.s.i, for I5 min, and diluted to × I strength with sterile distilled water before use. CFI I cellulose, manufactured by Whatman Ltd, was obtained from Griffin and George Ltd, London, England. Deoxyribonuclease (ribonuclease free) was obtained from the Worthington Biochemical Corporation, Freehold, N.J., U.S.A. All chemicals were analytical grade, and ether and ethanol were redistilled before use. All experiments were carried out at a constant input multiplicity of 5 p.f.u./cell.
Interferon induction and assay. This was carried out as previously described (Atkins et al. I974b) . The one modification was that chick cells were seeded into glass scintillation vials and the complete assay performed in these vials. Interferon titres are expressed in units of loglo (INASso). The reference research standard A for chick interferon (62/4), containing I oo research standard units/ml, was found to have a titre of 2.6 loglo (INASs0) by this method. Total RNA synthesis was measured as previously described (Atkins et al. I974a) . For all experiments involving RNA synthesis, I #g/ml of actinomycin D was present in the medium. For RNA extraction, monolayers of chick embryo cells, set up the previous day at a concentration of 7 × Io° cells/ml in 25 ml growth medium, were used. Infection with virus, labelling and nucleic acid extraction were carried out as previously described (Atkins et al. I974a) . After extraction, the nucleic acid pellet was dissolved in I ml nuclease buffer (o.o2 M-tris, o'5 M-sodium chloride o.oo2 M-magnesium chloride) and deoxyribonuclease added to a concentration of 5o #g/ml. The solution was left at 37 °C for 2o min with gentle agitation, before o.8 ml TNE buffer (5o mM-tris, o.I M-sodium chloride, ~ mN-EDTA, pH 7"4) and o.z ml IO ~ SDS were added. The RNA was then re-extracted with phenol and stored under 7o ~ ethanol at -2o °C.
Measurement of single and double-stranded RNA.
A combination of lithium chloride precipitation (Baltimore & Girard, 1966; Martin & Burke, 1974) and CFI ~ cellulose chromatography (Bishop & Koch, I969; Martin & Burke, 1974) was used. This method was chosen because it allows the analysis of small quantities of labelled RNA in the presence of large quantities of unlabelled RNA. Lithium chloride precipitates most of the singlestranded RNA and the partially double-stranded replicative intermediate (RI) leaving the double-stranded replicative form (RF) in the supernatant fluid (Martin & Burke, 2974) . A sample of RNA, prepared as described above, was precipitated with 2 M-lithium chloride. The supernatant fluid was analysed by CFI I chromatography, to estimate the quantity of RF in the sample. The precipitate was dissolved in o'5 ml of TLE (5o mM-tris, o.2 M-lithium chloride, ~ mM-EDTA, pH 7"5) and a sample counted. The sample was then heated to 23o °C for 3 min, before cooling to 4 °C. This has the effect of melting the partially double-stranded replicative intermediate and converting the negative strand upon reannealing into a doublestranded form which is soluble in 2 M-lithium chloride (S. I. T. Kennedy, unpublished results). The method depends on the presence of a relatively high concentration of virusspecified plus strand RNA in the reaction mixture. Lithium dodecyl sulphate was next added to o.2 ~. This sample was again precipitated with lithium chloride, and portions of 
* Data taken from Atkins et al. 0974a) . t Defined as the p.f.u, produced by cells infected with the mutant 4 to 6 h after infection at 39 °C, divided by the p.f.u, produced by the wild type under the same conditions; reversion for all mutants used was low or undetectable (Atkins et aL 1974b). both the pellet (redissolved in TLE) and the supernatant fluid counted, to estimate the quantities of RI and single-stranded RNA in the sample.
Measurement of c.p.e. Chick embryo or BHK cells were observed at various times after infection with virus, and changes in cellular morphology or disintegration of the monolayer noted. At 3o h post infection, the monolayers were removed with o'5 ml of 0"25 ~ trypsin, and o'5 ml of maintenance medium added to the cell suspension. One ml of o'5 ~ trypan blue was then added, and the numbers of stained and unstained cells in the suspension counted. Staining with trypan blue distinguishes viable (non-stained) from dead cells (stained blue). For each sample, IOO cells were counted from each of triplicate monolayers. The values given are the average percentages of stained cells. Fig. I shows the time course of interferon induction by the wild type at 39 and 3o °C. At 39 °C interferon is induced by 3 h after infection and reaches a maximum level by 4 h after infection. At 3o °C interferon is not induced until 8 h after infection. The accumulated interferon produced by replicate cultures of ts mutant-infected chick cells at 39 °C was measured at hourly intervals 4 to 9 h post infection. Twenty-four mutants were used, all of which induced interferon by I6 h after infection (Atkins et al. I974b interferon with kinetics similar to the wild type, whereas six showed a lag in induction compared to the wild type. These differences were not due to different degrees of leakiness of the mutants at 39 °C (Table 0- RNA synthesis at 3o and 39 °C Table 2 shows the proportions of double and single-stranded RNA synthesized by cells infected with ts mutants and labelled I to 4 h after infection, at both 30 and 3!) °C. The nine mutants examined had levels of total RNA synthesis at 39 °C ranging from o % to 5 % of the wild-type level (Atkins et al. I974a) . Four of these mutants showed a lag in interferon induction at 39 °C compared to the wild-type, whereas three showed no lag. Double-stranded RNA synthesis for all mutants and the wild type was detectable at 3o °C. However, at 39 °C only the wild type showed detectable double-stranded RNA synthesis. Since the levels of single-stranded RNA synthesized in cells infected by the mutants at 39 °C, and by uninfected cells at both 3o and 39 °C were similar, the RNA synthesized by mutant-infected cells at 39 °C is probably due to unsuppressed cellular RNA synthesis.
RESULTS

Kinetics of interferon induction
Cytopathogenicity of ts mutants
A gross c.p.e., involving rounding up of the cells and disintegration of the monolayer was observed for BHK or chick embryo cells infected with the wild-type virus at 39 or 30 °C, or for cells infected with the mutants at 30 °C, by 24 h after infection. This was not observed for cells infected with ts mutants at 39 °C. However, trypan blue staining of cells infected with ts mutants at 39 °C 3o h after infection showed that ability of the mutants to induce interferon at 39 °C was correlated with the proportion of cells stained with trypan blue (Table 3 ). The proportion of cells stained was similar for both chick embryo cells (which produce interferon) and for BHK cells (which do not). For all cells infected with ts mutants at 39 °C, including F36, which makes more RNA at 39 °C than the wild-type (Atkins et al. I974a) , only a proportion of the cells were stained. This may have been because only a proportion of the cells were killed at this time after infection, or because the cells were heterogeneous in their susceptibility to the c.p.e, of the mutants.
Interferon induction by the mutant FIo4 under temperature shift conditions
The mutant FIo4 shows undetectable RNA synthesis at 39 °C (Atkins et al. * At the times indicated infected cultures were shifted from 30 to 39 °C. Total RNA synthesis was measured after a pulse of 5 #Ci of [3H]-uridine in 5 ml of medium 21 to 4½ h after infection; the values shown are the average of triplicate determinations. For measurement of single and double-stranded RNA, a pulse of 2o0 #Ci of [aHl-uridine in IO ml of medium, i to 4 h after infection, was used. Production of plaqueforming units (p.f.u.) was measured 4 to 6 h after infection. Samples for interferon assay were harvested at hourly intervals from 4 to 9 h after infection. Cells were stained with trypan blue 30 h after infection.
"~ Undetectable.
formation of infectious virus in cells infected with this mutant were measured after various times at 3o °C before shifting to 39 °C. Table 4 shows that a period of only ½ h at 3 ° °C, before shifting to 39 °C, is necessary for interferon to be induced with kinetics approaching the wild type and that this is correlated with increased cytopathogenicity of the virus. An increase in the amount of total RNA or plaque-forming units is not detected unless the shift is carried out at I h after infection or later. Similarly, no RF is detected unless the shift is carried out at I h after infection or later.
DISCUSSION
This study has shown a correlation between interferon induction, total RNA synthesis, and cytopathogenicity of ts mutants of Sindbis virus, but not between the ability of ts mutants to induce interferon and their ability to synthesize double-stranded RNA. Of those mutants showing less than ~o ~ of the wild-type level of total RNA synthesis at restrictive temperature, some induced with kinetics approaching the wild type, while others showed a lag in induction. The correlation between total RNA synthesis and time of interferon induction was less apparent for these mutants, but this may have been because estimates of low levels of total RNA synthesis are necessarily less accurate than estimates of higher levels. None of the mutants examined showed detectable double-stranded RNA synthesis at the restrictive temperature, although mutants showing normal interferon induction showed greater cytopathogenicity than those which showed a lag in induction. The limit of detectability of the method of measuring double-stranded RNA is about 5 ~ of the wild-type level.
Thus, if the formation of double-stranded RNA is involved in interferon induction, very low levels are necessary. These results are consistent with a requirement for a low threshold level of total RNA synthesis necessary for interferon induction, as mutants synthesizing more than I O ~oo of the wild-type level of RNA at restrictive temperature induced interferon with normal kinetics. The temperature-shift experiments with the mutant F I o4 show that both interferon induction and cytopathogenicity are dependent on early events in virus multiplication. Only I5 rain at 3o °C, before a shift to 39 °C, is required for a detectable increase in the cytopathogenicity of the virus, and for a detectable decrease in the time required for interferon induction. Thirty minutes, at 30 °C, before shifting to 39 °C, is required for interferon to be induced with normal kinetics, but I h at 30 °C is required for detectable total and doublestranded virus-specified RNA synthesis. This result confirms, using a ts mutant, an earlier result obtained by Skehel & Burke (1968) using wild-type SFV.
Lai & Joklik (I973) have studied interferon induction by ts mutants of reovirus. They postulated that interferon induction depends on a late function related to the formation of intact virions, or on the formation of infectious virus. Two of their mutants (ts 352 and ts 453), however, produced more interferon than would be expected from the size of their viral yields at restrictive temperature. There is no correlation between interferon induction and yield of infectious progeny virus for the Sindbis ts mutants. For one of the reovirus mutants (ts 447) ultraviolet irradiation of the virions resulted in both increased yield of interferon at restrictive temperature, and in increased cytopathogenicity of the virus. Ultraviolet-irradiated reovirus was, in general, a more efficient inducer than non-irradiated virus, and also showed increased cytopathogenicity (unpublished results quoted in Lai & Joklik, I973). This would confirm the correlation between interferon induction and cytopathogenicity reported in this study.
It has recently been shown that interferon induction by Sindbis virus and by Newcastle disease virus is inhibited by the drug camptothecin, whereas induction by poly(rI), poly(rC) is not (Atherton & Burke, I975) . Therefore, it is probable that interferon induction by viruses and by polynucleotides proceeds by different mechanisms. The present study has shown a correlation between time of interferon induction on the one hand, and total virusspecific RNA synthesis and c.p.e, on the other, although not between interferon induction and double-stranded RNA synthesis. Thus, both interferon induction and c.p.e, depend on a low level of viral synthetic activity occurring early in infection.
Many studies have now appeared which have attempted to find a specific event in viral replication which is responsible for interferon induction, but these attempts have so far been unsuccessful. The main conclusion which has emerged is that, at least at low-input multiplicities, virus-specified synthetic activity has to occur (see review by Burke, I973). The correlation which has emerged from this study, between interferon induction and cytopathogenicity, will have to be confirmed by examining other virus systems. It is possible, however, that all these studies have approached the problem from the wrong direction. A specific change may occur to the host cell which leads to interferon induction (for example, a modification to a cellular membrane), but this may be brought about in a variety of ways by virus-directed processes. Thus the solution to the problem of viral interferon induction may perhaps be found by examining the changes which occur to the host cell during the process of induction.
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